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anon disease, caused by the mutations in the gene of LAMP2 (lysosome-associated membrane protein 2), is an X-linked dominant disorder classically characterized by the triad of cardiomyopathy, skeletal myopathy, and mental retardation.
1,2 Cardiomyopathy typically manifests a hypertrophic phenotype; ventricular preexcitation is the most frequently encountered ECG abnormality in such patients and occurs in 68.2% of men and 26.7% of women. 3 The pathological hallmark of Danon disease is intracytoplasmic vacuole accumulation containing glycogen granules and autophagic materials which lead to cardiac hypertrophy, 1 but the underlying mechanism responsible for ventricular preexcitation continues to be a perplexing conundrum. The objective of this study was to determine the mechanism of ventricular preexcitation in patients with Danon disease.
We enrolled 197 patients with unexplained left ventricular hypertrophy, and ventricular preexcitation was present in 10 (10 of 197; 5%) unrelated patients in whom genetic testing identified 3 (3 of 10; 30%) Danon disease patients with different LAMP2 mutations. Of the 3 patients, all were men aged 17 to 23 years at diagnosis, and electrophysiological study was performed in 2 patients.
Intracardiac recordings in patient 1 demonstrated a slightly short His-ventricular (HV) interval of 30 ms, and local ventricular activation recorded at the His bundle area significantly earlier than the right ventricular apex during sinus rhythm (see the first beat in the Figure [A] ). During ventricular overdrive stimulation, ventriculoatrial (VA) conduction was decremental and concentric with the earliest atrial retrograde activation at the His bundle, and the activation sequence of His bundle and right bundle (RB) was noted to be similar to sinus activation with H-RB sequence ( Figure  [A] ). The deflections of the RB electrogram during sinus rhythm and ventricular pacing were −/+ and +/−, respectively; the deflection of the His bundle electrogram was −/+/− during both sinus rhythm and ventricular pacing, suggesting that the His activation during ventricular pacing was orthodromic, while the RB potential was activated retrograde. Atrial programmed stimulation resulted in prolongation of the atrio-His (AH) and atrioventricular (AV) intervals without changing QRS morphologies and HV intervals (Figure [B] ), thereby excluding the presence of antegrade conduction over an accessory pathway connecting the atrium to the ventricle. These findings favor the diagnosis of a fasciculoventricular (FV) pathway with bidirectional conduction which takes off from the proximal part of the His bundle, bypasses conduction over the distal portion of the His bundle, the bundle branches, and Purkinje system and hence, is responsible for ventricular preexcitation and early local ventricular activation at the His bundle region during sinus rhythm, as well as the H-RB activation sequence during ventricular pacing ( In patient 2, the baseline HV intervals measured 22 ms during sinus rhythm. With programmed atrial stimulation, AV conduction was decremental with evidence of dual AV node physiology, but the HV intervals and degree of ventricular Key Words: bundle of His ◼ genetic testing ◼ heart ventricles ◼ hypertrophy, left ventricular ◼ lysosomal-associated membrane protein 2 preexcitation remained constant ( Figure [E] ); local ventricular activation recorded from the proximal site of the His bundle was earlier than the distal His bundle and preceded the onset of surface delta waves by 15 ms (Figure [E] ). These findings were also compatible with electrophysiological characteristics of an FV pathway. A, Tracings obtained from electrophysiological study in patient 1. Midventricular pacing demonstrates decremental and concentric VA conduction with Wenckebach block phenomenon (a long-dotted line used as reference). Note that the earliest ventricular depolarization is seen on the His recording during sinus rhythm (a long-dotted line used as reference), and the His deflections precede the right bundle deflections during midventricular pacing (short-dotted lines used as reference). B, Atrial pacing demonstrates decremental AV conduction with a constant HV interval of 30 ms. C, Schematic illustrations of cardiac conduction in the absence or presence of fasciculoventricular connections. Left, During sinus rhythm, atrial activation in the normal heart proceeds over AV node, the His bundle, and bundle branches to ventricles so that the earliest ventricular activation occurs in the apical portion. Right, Atrial activation in the presence of a fasciculoventricular pathway proceeds through AV node to the His bundle and downward over the fasciculoventricular bypass tract as well as the distal portion of the His bundle and bundle branches to ventricles so that early ventricular activation in the basal portion of the right ventricle occurs with a short HV interval and a manifestation of ventricular preexcitation. D, Left, Midventricular pacing in the normal heart results in a right bundle (RB)-H activation sequence consistent with ventricular activation through the right bundle to the His bundle. Right, Midventricular pacing in the presence of retrograde fasciculoventricular pathway conduction causes a reversed H-RB activation sequence consistent with ventricular activation through the fasciculoventricular bypass tract to the His bundle. E, Tracings obtained from electrophysiological study in patient 2. Atrial pacing demonstrates decremental AV conduction with a constant HV interval of 22 ms. Note that earlier ventricular activation of the proximal than the distal site of the His bundle is seen (a long-dotted line used as reference). F, Prolongation of PR intervals with no change in the degree of ventricular preexcitation and HV intervals until progression to complete AV block during adenosine administration. A indicates atrial wave; AV, atrioventricular; AVN, atrioventricular node; FV, fasciculoventricular pathway; H, His bundle; HV, His-ventricular; LBB, left bundle branch; P, P wave; RBB, right bundle branch; SR, sinus rhythm; and VA, ventriculoatrial.
In both patients, adenosine challenge resulted in the prolongation of PR intervals with no change in the degree of ventricular preexcitation on surface ECG or HV intervals until progression to complete AV block ( Figure [F] ). No arrhythmias were inducible either with programmed extrastimulation or with burst pacing from both the coronary sinus and right ventricular apex. In the patient 3, despite no electrophysiological assessment performed, the presence of intermittent AV block indicated that the electrocardiographic preexcitation was because of an infranodal bypass tract consistent with an FV pathway (Figure in the Data Supplement) .
The underlying mechanism for the formation of FV connections is unknown but possible because of the disruption of the His bundle insulation, which was raised by the fact that the earliest ventricular activation was recorded at the His bundle region in our study. Anatomically, the His bundle is covered with a thin layer of myocardial fibers or courses directly within interventricular muscle in 79% of human hearts. 4 When the fibrous sheath, which normally insulates the His bundle from superficial myocardial fibers, is disrupted by excessive accumulation of glycogen granules and autophagic materials, direct electrical connections from the His bundle to adjacent ventricular myocardium occur and lead to an acquired form of ventricular preexcitation. A similar mechanism was previously verified in a transgenic mouse overexpressing mutant PRKAG2, which resulted in glycogen storage cardiomyopathy and preexcitation findings. 5 Cardiac histopathology revealed that the annulus fibrosis was disrupted by glycogen-filled myocytes.
In summary, our study proved that ventricular preexcitation in patients with Danon disease was because of the presence of FV pathways characterized by bidirectional conduction and take-off from the proximal His bundle. The underlying mechanism for the formation of FV pathways warrants further study.
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